McCully JD, Cowan DB, Pacak CA, Toumpoulis IK, Dayalan H, Levitsky S. Injection of isolated mitochondria during early reperfusion for cardioprotection. Am J Physiol Heart Circ Physiol 296: H94 -H105, 2009. First published October 31, 2008 doi:10.1152/ajpheart.00567.2008.-Previously, we demonstrated that ischemia induces mitochondrial damage and dysfunction that persist throughout reperfusion and impact negatively on postischemic functional recovery and cellular viability. We hypothesized that viable respiration-competent mitochondria, isolated from tissue unaffected by ischemia and then injected into the ischemic zone just before reperfusion, would enhance postischemic functional recovery and limit infarct size. New Zealand White rabbits (n ϭ 52) were subjected to 30 min of equilibrium and 30 min of regional ischemia (RI) induced by snaring the left anterior descending coronary artery. At 29 min of RI, the RI zone was injected with vehicle (sham control and RI vehicle) or vehicle containing mitochondria (7.7 ϫ 10 6 Ϯ 1.5 ϫ 10 6 /ml) isolated from donor rabbit left ventricular tissue (RI-Mito). The snare was released at 30 min of RI, and the hearts were reperfused for 120 min. Our results show that left ventricular peak developed pressure and systolic shortening in RI-Mito hearts were significantly enhanced (P Ͻ 0.05 vs. RI-vehicle) to 75% and 83% of equilibrium value, respectively, at 120 min of reperfusion compared with 57% and 62%, respectively, in RI-vehicle hearts. Creatine kinase-MB, cardiac troponin I, and infarct size relative to area at risk were significantly decreased in RI-Mito compared with RI-vehicle hearts (P Ͻ 0.05). Confocal microscopy showed that injected mitochondria were present and viable after 120 min of reperfusion and were distributed from the epicardium to the subendocardium. These results demonstrate that viable respiration-competent mitochondria, isolated from tissue unaffected by ischemia and then injected into the ischemic zone just before reperfusion, significantly enhance postischemic functional recovery and cellular viability. ischemia; infarct; apoptosis PREVIOUSLY, WE AND OTHERS demonstrated that myocardial ischemia initiates a succession of events resulting in alterations of mitochondrial volume, mitochondrial structure, mitochondrial oxidative phosphorylation, mitochondrial oxygen consumption, and mitochondrial calcium accumulation that extend into reperfusion to severely compromise myocardial postischemic functional recovery and significantly increase infarct size (IS) (11, 15, 30) .
ischemia; infarct; apoptosis PREVIOUSLY, WE AND OTHERS demonstrated that myocardial ischemia initiates a succession of events resulting in alterations of mitochondrial volume, mitochondrial structure, mitochondrial oxidative phosphorylation, mitochondrial oxygen consumption, and mitochondrial calcium accumulation that extend into reperfusion to severely compromise myocardial postischemic functional recovery and significantly increase infarct size (IS) (11, 15, 30) .
We and others attempted to modulate the effects of ischemia on mitochondrial structure and function by pharmaceutical and/or exogenous substrate intervention alone or in combination with procedural techniques to provide cardioprotection (2, 11, 15, 16, 30, 36) . These protocols, for the most part, provided only limited cardioprotection, and mitochondrial damage and dysfunction remained after myocardial ischemia and continued to impact negatively on postischemic functional recovery and cellular viability. These data suggest that the current paradigm needs to be reviewed and that alternative approaches need to be explored to allow for preservation of myocardial function and cellular viability after ischemia and reperfusion.
In previous studies, a variety of cell types have been injected directly into the myocardium or seeded onto biodegradable scaffolds to enhance myocardial function and induce myocardial regeneration in the infarcted zone after an ischemic event (3, 7, 20, 25) . The efficacy of these interventions is limited. Only minimal survival of the injected cells has been demonstrated, and only limited prevention of postischemic myocardial infarction progression and modest functional improvements have been reported (3, 7, 20, 25) . One major disadvantage of these cellular interventions is the time, i.e., days to weeks, needed for cell isolation, growth, and expansion before use.
An alternative therapeutic intervention to cell transplantation and current cardioprotective protocols would be the replacement of mitochondria damaged during ischemia. We hypothesized that transplantation of mitochondria isolated from remote tissue unaffected by ischemia into the ischemic zone just before reperfusion would provide an alternative to cellular transplantation, allowing for a relatively rapid intervention to enhance postischemic functional recovery and cellular viability during reperfusion.
In the present study, we show that viable, respirationcompetent mitochondria isolated from remote tissue unaffected by ischemia and then directly injected into the ischemic zone of myocardial tissue during early reperfusion significantly enhance regional and global postischemic functional recovery and significantly decrease IS in a model of surgical ischemia and reperfusion.
METHODS
Animal model. New Zealand White rabbits (Millbrook Farm, Amherst, MA) were housed individually and provided with laboratory chow and water ad libitum. All experiments were approved by the Harvard Medical Area Standing Committee on Animals and conformed to the National Institutes of Health (NIH) guidelines regulating the care and use of laboratory animals (NIH Publication No. 1996) . All research was performed in accordance with the American Physiological Society's "Guiding Principles in the Care and Use of Animals."
Mitochondrial isolation. Left ventricular (LV) mitochondria were isolated from donor hearts as previously described and used immediately for injection or stored at Ϫ20°C overnight (13, 28) . Mitochondrial protein content, oxygen consumption, respiratory control index (RCI), and mitochondrial DNA and RNA were determined as previously described (10, 13, 28) . Mitochondrial complex I, II, III, IV, and V activities were determined separately as previously described (1, 42) .
Mitochondrial number. Viable mitochondrial number was determined by labeling an aliquot (10 l) of isolated mitochondria with MitoTracker Orange CMTMRos (5 mol/l; Invitrogen, Carlsbad, CA). Aliquots of labeled mitochondria were spotted onto slides and counted using a spinning disk confocal microscope with a 63ϫ C-apochromat objective (1.2 W Korr/0.17 NA, Zeiss). Mitochondria were counterstained with the mitochondria-specific dye MitoFluor Green (Invitrogen). Appropriate wavelengths were chosen for measurement of autofluorescence and background fluorescence with use of unstained cells and tissue. Briefly, 1 l of labeled mitochondria was placed on a microscope slide and covered. Mitochondrial number was determined at low (ϫ10) magnification covering the full specimen area using MetaMorph Imaging Analysis software.
Langendorff perfusion. Langendorff retrograde perfusion was performed as described by Feinberg et al. (5) . All rabbits were anesthetized with pentobarbital sodium (Nembutal, 100 mg/kg) and heparin (200 U/kg) intravenously through the marginal ear vein. The heart was excised and placed in a 4°C bath of Krebs-Ringer solution equilibrated with 95% O 2-5% CO2 (pH 7.4 at 37°C), where spontaneous beating ceased within a few seconds. Krebs-Ringer solution contained (in mmol/l) 100 NaCl, 4.7 KCl, 1.1 KH2PO4, 1.2 MgSO4, 25 NaHCO3, 1.7 CaCl2, 11.5 glucose, 4.9 pyruvic acid, and 5.4 fumaric acid. Langendorff retrograde perfusion was performed as previously described (4, 18) . Briefly, a latex balloon containing a catheter-tipped transducer (Millar Instruments, Houston, TX) was inserted into the LV. The volume of the water-filled balloon was determined at a constant physiological end-diastolic pressure of 5-10 mmHg using a calibrated microsyringe during equilibrium, and this balloon volume was maintained for the duration of the experiment. The aorta was cannulated with a metal cannula, and the heart was subjected to Langendorff retrograde perfusion at a constant pressure of 75 cmH2O at 37°C. Hearts were paced through the right atrium at 180 Ϯ 3 beats/min throughout the experiment using a stimulator (model 5330, Medtronic, Minneapolis, MN). Regional myocardial function was assessed by sonomicrometry (Sonometrics, London, ON, Canada) (18) . Sonomicrometry was performed using three digital piezoelectric ultrasonic probes (1 mm), with each probe serving as both transmitter and receiver (Fig. 1) . The probes were implanted in the subepicardial layer ϳ3-4 mm apart in the regional ischemic (RI) zone: two probes were placed on the major axis of the heart, and one probe was placed parallel to the minor axis of the heart and secured to the epicardium with Z suture using polypropylene stitches. The probes were left in place until the end of the experiment (18, 34) . Digital data were inspected for correct identification of end-diastolic and end-systolic points with use of postprocessing software (SonoView, Sonometrics). Measurements were made over at least three cardiac cycles in normal sinus rhythm and then averaged. Regional myocardial function was assessed as segment systolic shortening (SS), as previously described (34) . Global function was determined using a PO-NE-MAH digital data acquisition system with an Acquire Plus processor board and LV pressure analysis software and an ECG/Biotach (Gould, Valley View, OH) (18) .
Experimental protocol. The experimental protocol is shown in Fig.  1 . Hearts from female New Zealand White rabbits (Ͼ32 mo old, 5-6 kg body wt, n ϭ 32) were subjected to 30 min of equilibrium, 30 min of RI, and 120 min of reperfusion. Sham control hearts were subjected to sham RI by passage of a prolene suture around the left anterior descending coronary artery (LAD) with a cutting needle (34) . No snare was tied in the sham control group. RI of the LAD was achieved by passage of both ends of the suture through a small vinyl tube to form a snare, which was then pulled tight and fixed with a mosquito clamp (34) . After 29 min of RI, we used a 1-ml insulin syringe with a 28-gauge needle to administer eight, 0.1-ml injections of vehicle alone [respiration buffer A supplemented with 5 mmol/l glutamate, 5 mmol/l malate, and 8 mmol/l succinate for sham-control (n ϭ 6) and RI-vehicle (n ϭ 7)] or vehicle containing mitochondria [7.7 ϫ 10 6 Ϯ 1.5 ϫ 10 6 /ml; for sham control-Mito (n ϭ 3) and RI-Mito (n ϭ 7)] into the RI area.
Separate groups of hearts (n ϭ 3 each) were injected, separately, with isolated mitochondria (7.7 ϫ 10 6 Ϯ 1.5 ϫ 10 6 /ml) that had been frozen overnight at Ϫ20°C, mitochondrial components that had been frozen and then thawed (1, 40) , mitochondrial DNA ϩ RNA (10), or vehicle containing 1 mM ATP and 1 mM ADP (ultra-pure, Sigma, St. Louis, MO) into the RI zone.
At 30 min of RI, the snare was released and the hearts were reperfused for 120 min.
To determine the role of reactive oxygen species (ROS), separate groups of hearts (n ϭ 3 each) were perfused as described above with the addition of the ROS scavenger N-(2-mercaptopropionyl)glycine (MPG, 300 mol/l; Sigma) to the Krebs-Ringer solution during reperfusion (4, 14) .
Markers of ischemic injury. Creatine kinase-MB (CK-MB) and cardiac troponin I (cTnI) were determined in aliquots (1.5 ml) collected from coronary sinus effluents at 30 min of equilibrium and at 30 min of ischemia. Samples were frozen immediately in liquid nitrogen and stored at Ϫ80°C. CK-MB was estimated using the CK-MB enzyme immunoassay kit (Biocheck, Foster City, CA), and cTnI was determined using the rabbit cTnI ELISA (Life Diagnostics, West Chester, PA) according to the manufacturers' directions and using manufacturers' standards.
Area at risk and IS determination. After the end of reperfusion, the LAD was religated, and the area at risk (AAR) was delineated by injection of monastryl blue pigment into the aorta (18) . The heart was rapidly removed, and samples from three predesignated sites in the AAR (0.25-0.3 g) were removed and either quick frozen in liquid nitrogen and then used for biochemical analysis or immediately used for wet-to-dry weight ratio (18) . The heart was then sliced across the long axis of the LV, from apex to base, into 1-cm-thick transverse sections and traced onto a clear acetate sheet over a glass plate under room light. The sliced hearts were incubated in 1% triphenyltetrazolium chloride (Sigma) in phosphate buffer (pH 7.4) at 38°C for 20 min and fixed for 24 h in 10% neutral buffered formalin solution (18) . A copy of the stained heart slices was traced onto a clear acetate sheet over a glass plate under room light. The AAR in the LV and the IS were measured using planimetry. The volumes of the infarcted zone and the AAR were calculated by multiplying the planimetered areas by the slice thickness. The ratio of AAR to LV weight was calculated. IS was expressed as a percentage of AAR for each heart (IS/AAR) (18) .
Wet-to-dry weight ratios. Wet-to-dry weight ratios in the AAR were determined after 120 min of reperfusion, as previously described (18) .
ATP determination. ATP was determined in frozen tissue sections from the AAR by fluorometric analysis according to the method described by Lowry and Passonneau (22) .
Thiobarbituric acid-reactive substances. Thiobarbituric acid-reactive substances (TBARS) were determined in frozen tissue sections from the AAR according to the method described by Ohkawa et al. (21) .
Biodistribution of injected mitochondria. A separate group of hearts was injected with vehicle labeled with MitoTracker Orange CMTMRos (sham control and RI-vehicle, n ϭ 4 each) or vehicle containing mitochondria labeled with MitoTracker Orange CMTMRos (RI-Mito, n ϭ 4). The same experimental protocol described in Fig. 1 was used; however, after 120 min of reperfusion, the hearts were perfusion fixed with 4% paraformaldehyde in PBS (pH 8.0) under pressure (33) . Transmyocardial samples were dissected from the RI zone, embedded, sectioned (5-7 m thick) completely, and then mounted on glass slides (ϳ90 -100 slides).
Slides were used for routine histological staining (hematoxylineosin or Masson's trichrome) or immunohistochemically stained with an antibody or mitochondrial marker. Anti-␣-actinin-2 polyclonal antibody (1:500 dilution) was detected with a highly cross-absorbed goat anti-rabbit Alexa Fluor 488 secondary antibody (Invitrogen; 1:250 dilution). 4Ј,6-Diamidino-2-phenylindole (Invitrogen) was diluted in the secondary antibody solution according to the manufacturer's directions. MitoFluor Green was used at a 20 nmol/l final concentration.
After the slides were mounted in fluorescent mounting medium (Dako), they were visualized on a multipoint spinning-disk confocal system (Atto, BD Biosciences, Rockville, MD) attached to a Zeiss Axiovert 200M microscope (33) . The confocal system and microscope were each illuminated with an X-Cite 120 mercury-halide light source, and images were acquired using a CoolSNAP HQ camera (Photometrics, Huntington Beach, CA) or a MicroMAX 1300 YHS charge-coupled device camera (Princeton Instruments, Acton, MA) controlled with MetaMorph 6.2 software (Molecular Devices, Downingtown, PA). Image processing was accomplished with MetaMorph 6.2 and Photoshop CS (Adobe, San Jose, CA) software.
TdT-mediated dUTP nick-end labeling (TUNEL) was performed using the ApopTag fluorescein in situ apoptosis detection kit and positive control slides (Millipore, Billerica, MA), as previously described (18) . Total cytoplasmic proteins were isolated as previously described (18) . Caspase-3-like activity was determined in total cytoplasmic proteins using the caspase-3 colorimetric analysis kit, standards, and inhibitors according to the manufacturer's instructions (Chemicon International, Temecula, CA), as previously described (18) .
Statistical analysis. Statistical analysis was performed using SAS (version 6.12) software (SAS Institute, Cary, NC). Values are means Ϯ SE. Statistical significance was assessed using repeatedmeasures ANOVA, with group as a between-subjects factor and time as a within-subjects factor. Tukey's honestly significant difference test was used for comparisons between sham control and other groups to adjust for the multiplicity of tests. A one-way ANOVA was used for 6 Ϯ 1.5 ϫ 10 6 /ml), RI-frozen hearts with isolated mitochondria (7.7 ϫ 10 6 Ϯ 1.5 ϫ 10 6 /ml) that had been frozen overnight at Ϫ20°C, RI-FT with mitochondrial components from mitochondria (7.7 ϫ 10 6 Ϯ 1.5 ϫ 10 6 /ml) that had been frozen and then thawed, RI-ATP hearts with vehicle containing 1 mM ATP ϩ 1 mM ADP, RI-DNA ϩ RNA hearts with vehicle containing mitochondrial DNA ϩ RNA isolated from 7.7 ϫ 10 6 Ϯ 1.5 ϫ 10 6 /ml mitochondria, and Mito ϩ MPG hearts with isolated mitochondria (7.7 ϫ 10 6 Ϯ 1.5 ϫ 10 6 /ml) containing the reactive oxygen species scavenger N-(2 mecaptopropionyl)glycine (MPG, 300 mol/ l). At 30 min of RI, RI-vehicle ϩ MPG and RI-Mito ϩ MPG hearts were reperfused for 120 min with MPG (300 mol/l) in KrebsRinger solution for 120 min. 
RESULTS
Mitochondria were isolated in ϳ90 min (15, 30) . MitoTracker Orange CMTMRos labeling demonstrated that isolated mitochondria maintained membrane potential and were viable ( Fig. 2A) . Mitochondrial identity was confirmed by counterstaining with mitochondria-specific MitoFluor Green (Fig. 2, B  and C) . The mitochondria appeared intact and were of the correct size and morphology.
To ensure that isolated mitochondria were respiration competent, an aliquot was used to determine mitochondrial oxygen consumption (15, 30) . Our results (Fig. 2, D and E) demonstrate that mitochondrial oxygen consumption and RCI for malate-induced complex I and succinate-induced complex II were similar to earlier results reported by our laboratory and demonstrated that isolated mitochondria were respiration competent (15, 30) .
Global myocardial function was determined by LV peak developed pressure (LVPDP, mmHg) and LV end-diastolic pressure (LVEDP, mmHg). Regional function in the RI zone was determined as SS (percentage of equilibrium value). LVPDP in sham control and sham control ϩ Mito hearts during equilibrium was 103 Ϯ 5.4 and 101 Ϯ 4.7 mmHg, respectively, and LVEDP was 8.6 Ϯ 1.4 and 9.3 Ϯ 0.7 mmHg, respectively. These values did not differ significantly among the three groups during equilibrium (Fig. 3) . Moreover, there was no significant difference in these values between RIvehicle and RI-Mito groups during RI and before injection of mitochondria. During ischemia, LVPDP was significantly decreased, LVEDP was significantly increased, and SS was significantly decreased in RI-vehicle and RI-Mito hearts relative to sham control hearts (P Ͻ 0.05).
After 120 min of reperfusion, LVPDP, LVEDP, and SS were significantly decreased during reperfusion in RI-Mito and RIvehicle compared with sham control hearts (P Ͻ 0.05; Fig. 3 ). Significant improvement in function was observed in RI-Mito hearts compared with RI-vehicle hearts. LVPDP was increased, LVEDP was decreased, and SS in the ischemic zone was increased (P Ͻ 0.05; Fig. 3 ). No significant difference was observed in LVPDP, LVEDP, or SS between sham control and sham control ϩ Mito hearts throughout reperfusion.
No significant difference was observed in AAR between sham control, sham control ϩ Mito, RI-vehicle, and RI-Mito hearts (Fig. 4A) . No significant difference was observed in IS/AAR after 30 min of RI and 120 min of reperfusion between sham control (3.9 Ϯ 1.5%) and sham control ϩ Mito (3.2 Ϯ 0.7%) hearts. IS was significantly increased in RI-Mito hearts to 13.7 Ϯ 3.6% (P Ͻ 0.05 vs. sham control) and in RI-vehicle hearts to 31.9 Ϯ 7.8% (P Ͻ 0.05 vs. sham control and RI-Mito; Fig. 4B ). IS was significantly decreased in RI-Mito hearts compared with RI-vehicle hearts (P Ͻ 0.05; Fig. 4B ). Examination of tissue sections showed that infarct in RI-vehicle hearts was large and transmural whereas infarct in RI-Mito hearts was predominantly small, focal, and epicardial.
No significant differences were observed in CK-MB release, TUNEL-positive nuclei, or caspase-3 activity between sham control and sham control ϩ Mito hearts (Fig. 5) . CK-MB and cTnI were significantly increased in RI-Mito (P Ͻ 0.05 vs. sham control) and RI-Vehicle (P Ͻ 0.05 vs. sham control) hearts. CK-MB and cTnI were significantly decreased in RIMito hearts compared with RI-vehicle hearts (P Ͻ 0.05; Fig. 5,  A and B) . There was no significant difference (P ϭ 0.65) in TUNEL-positive nuclei between RI-vehicle and RI-Mito hearts. Caspase-3-like activity was significantly increased in RI-vehicle hearts (P Ͻ 0.05), but there was no significant difference (P ϭ 0.6149) in caspase-3-like activity in RI-Mito hearts compared with sham control and sham control ϩ Mito hearts (Fig. 5C ).
ATP content in the AAR was significantly increased (P Ͻ 0.05) in RI-Mito hearts to 16.14 Ϯ 0.5 mol/g dry wt compared with 10.95 Ϯ 1.0 mol/g dry wt in RI-vehicle hearts. Tissue ATP content in RI-Mito and RI-vehicle hearts was significantly decreased (P Ͻ 0.05) compared with 21.04 Ϯ 1.4 mol/g dry wt in sham control and 22.33 Ϯ 3.9 mol/g dry wt in sham control ϩ Mito hearts (Fig. 6A) .
Myocardial wet-to-dry weight ratio in the AAR was 83.6 Ϯ 1.6% in sham control, 81.6 Ϯ 0.7% in sham control ϩ Mito, 83.7 Ϯ 0.7% in RI-vehicle, and 81.3 Ϯ 0.8% in RI-Mito hearts. There was no significant difference between sham control, sham control ϩ Mito, RI-vehicle, and RI-Mito hearts (P ϭ 0.13; Fig. 6B ).
TBARS (nmol/g wet wt) were significantly decreased (P Ͻ 0.05) to 674 Ϯ 97 in RI-Mito hearts compared with 890 Ϯ 86 in RI-vehicle hearts (Fig. 7) . TBARS in RI-Mito and RIvehicle hearts were significantly increased (P Ͻ 0.05) compared with 235 Ϯ 16 nmol/g wet wt in sham control hearts (Fig. 7) .
Addition of the ROS scavenger MPG (300 mol/l) to Krebs-Ringer solution during reperfusion significantly decreased (P Ͻ 0.001) TBARS in RI-Mito ϩ MPG (556 Ϯ 58 nmol/g wet wt) and RI-vehicle ϩ MPG (563 Ϯ 82 nmol/g wet wt) hearts (Fig. 7) . There was no significant difference in TBARS between RI-Mito ϩ MPG and RI-vehicle ϩ MPG hearts (P ϭ 0.85). MPG had no effect on postischemic func- There was no significant difference in AAR between Mito ϩ MPG, RI-Mito ϩ MPG, and RI-vehicle ϩ MPG hearts (P ϭ 0.74; Fig. 8A ). There was no significant difference in IS between Mito ϩ MPG, RI-Mito ϩ MPG, or RI-Mito hearts (P ϭ 0.51) or between RI-vehicle ϩ MPG and RI-vehicle hearts (P ϭ 0.27; Figs. 4B and 8B).
Mitochondria labeled with MitoTracker Orange CMTMRos in RI-Mito hearts were viable and evident after 120 min of reperfusion (Fig. 9) . The labeled mitochondria were visible at the site of the injection and Ͼ2-3 mm from the site of the injection. The labeled mitochondria were distributed from the epicardium to the subendocardium. The labeled mitochondria were found peripheral to but in close proximity to the myocytes but were not observed in the myocytes. Counterstaining with mitochondria-specific MitoFluor Green showed that Ͻ0.05% of MitoTracker Orange CMTMRos-labeled mitochondria were nonviable (Fig. 9) . There was no detectable staining of mitochondria in RI-vehicle hearts injected with vehicle incubated with MitoTracker Orange CMTMRos.
Results from hearts injected, separately, with isolated mitochondria (7.7 ϫ 10 6 Ϯ 1.5 ϫ 10 6 /ml) that had been frozen overnight at Ϫ20°C (RI-frozen), mitochondrial components isolated by freeze-thaw (RI-FT), mitochondrial DNA ϩ RNA (RI-DNA ϩ RNA), or vehicle containing 1 mM ATP and 1 mM ADP (RI-ATP; ultra-pure, Sigma) into the RI zone are shown in Fig. 10 .
There was no significant difference in LVPDP or LVEDP after 30 min of equilibrium between sham-control and RI- Mito, RI-vehicle, RI-frozen, RI-FT, RI-ATP, or RI-DNA ϩ RNA hearts (results not shown). After 120 min of reperfusion, LVPDP was significantly decreased (P Ͼ 0.05) and LVEDP was significantly increased (P Ͻ 0.05) in RI-frozen, RI-FT, RI-ATP, and RI-DNA ϩ RNA hearts compared with RI-Mito hearts (results not shown). There was no significant difference in LVPDP or LVEDP between RI-vehicle and RI-frozen, RI-FT, RI-ATP, and RI-DNA ϩ RNA hearts after 120 min of reperfusion (results not shown). SS was significantly decreased (P Ͼ 0.05) after 120 min of reperfusion in RI-frozen, RI-FT, RI-ATP, and RI-DNA ϩ RNA hearts compared with RI-Mito hearts (Fig. 10A) . There was no significant difference in SS between RI-vehicle and RI-frozen, RI-FT, RI-ATP, and RI-DNA ϩ RNA hearts after 120 min of reperfusion (Fig. 10A) .
IS after 30 min of RI and 120 min of reperfusion was significantly increased (P Ͻ 0.05) in RI-frozen, RI-FT, RI-ATP, and RI-DNA ϩ RNA hearts compared with RI-Mito hearts (Fig. 10B) . There was no significant difference in IS between RI-vehicle and RI-frozen, RI-FT, RI-ATP, and RI-DNA ϩ RNA hearts (Fig. 10B) . There was no significant difference in AAR between groups (results not shown).
Mitochondrial state 3 oxygen consumption and RCI in frozen mitochondria (RI-frozen hearts) were significantly decreased (P Ͻ 0.05) compared with freshly isolated mitochondria (Fig. 11, A and B) . Complex I, II, III, IV, and V activities were detectable in RI-frozen and RI-FT hearts (Fig. 11C) . No intact mitochondria were detected in mitochondrial DNA ϩ RNA preparations as determined by MitoFluor Green staining (results not shown).
DISCUSSION
Previously, we showed that, after ischemia and reperfusion, there are significant alterations in mitochondrial structure and function and that these changes are associated with significantly decreased postischemic functional recovery and significantly increased IS (15, 18, 30) . We also showed that the preservation of mitochondrial structure and function is associated with significantly enhanced postischemic functional recovery and significantly decreased IS (15, 18, 30) .
The protocols we and others utilized to preserve mitochondrial structure and function have, for the most part, provided only limited cardioprotection, and mitochondrial injury continues to be apparent (9, 15, 26, 27, 29, 34) . These studies suggested that alternatives to current cardioprotective protocols needed to be explored to enhance the preservation of mitochondrial structure and function and cardioprotection. One approach to enhance cardioprotection is replacement of organelles damaged during ischemia and reperfusion. We hypothesized that the injection of mitochondria isolated from remote tissue unaffected by ischemia during early reperfusion would enhance postischemic functional recovery and cellular viability during reperfusion.
In this report, we have isolated mitochondria from nonischemic hearts. The isolation process required ϳ90 min; however, we expect that this time can be decreased by automation. Our results demonstrate that isolated mitochondria are respiration competent and maintain membrane potential. Our data also show that injection of these viable, respiration-competent mi- tochonria into the ischemic zone of RI hearts just before reperfusion significantly enhances regional and global postischemic functional recovery and significantly decreases IS, caspase-3-like activity, and release of CK-MB and cTnI.
We have injected mitochondria into the ischemic zone just before reperfusion to limit damage during ischemia that would result in decreased mitochondrial function. We reasoned that injection of mitochondria just before reperfusion would allow for enhanced or augmented mitochondrial function during early reperfusion, a period previously shown to be critical for the salvage of myocardial tissue and the restoration/enhancement of myocardial function (9, 28) .
Injection of mitochondria just before reperfusion has clinical relevance for use in coronary artery bypass grafting, when mitochondria could be injected into the ischemic zone after bypass and just before aortic cross-clamp removal, and in percutaneous coronary intervention (PCI) for coronary revascularization for ST segment elevation myocardial infarction (STEMI), when mitochondria could be injected endocardially, via a needle-tipped catheter placed retrograde through the sheath used for the PCI, under fluoroscopic guidance, into the ventricular segment that had been revascularized. Similarly, for right ventricular revascularization, a needle-tipped catheter could be placed retrograde through the femoral vein to provide access to the right side of the heart, and mitochondria could be injected as soon as the obstructed coronary artery is opened by PCI.
Our data show that, after injection into the ischemic zone, mitochondria are viable for Ն120 min of reperfusion and are widely distributed from the epicardium to the subendocardium Ͼ2-3 mm from the injection site. We have extended the reperfusion period to 4 h and have found injected mitochondria to be viable and well distributed; however, extension of the reperfusion period beyond 2 h leads to diminished functional recovery kinetics in the isolated perfused heart model (results not shown).
The ability of injected mitochondria to distribute within the myocardium is most likely due to their small size. In contrast to cells, the small size of mitochondria (4 -6 nm) would minimize damage as a result of injection and would enhance distribution within the heart after ischemia. In our studies, we have used 7.7 ϫ 10 5 Ϯ 1.5 ϫ 10 5 /0.1 ml mitochondria for injection. This concentration was arbitrarily determined on the basis of initial observations that showed equal distribution of viable mitochondria within the ischemic zone. However, we examined 1.0 ϫ 10 5 and 1.0 ϫ 10 4 /0.1 ml mitochondria in preliminary studies and found similar cardioprotective effects (personal communication, data not shown).
An additional means for the distribution of mitochondria within the myocardium may be associated with alterations in myocardial structure that occur after myocardial ischemia. In a previous report, using histochemical and quantitative lightmicroscopic spatial analysis, we demonstrated a significant increase in myocardial interfibrillar space after ischemia (33) . Our data demonstrated increased longitudinal and transverse myocardial interfibrillar separations after Ն15 min of ischemia (33) . These structural changes were not associated with alterations in conduction velocity anisotropy or in tissue edema but occurred coincident with previously observed significant decreases in postischemic functional recovery, as well as increased myocardial apoptosis and necrosis (1, 17, 18, 23, 38) . We speculate that the increased longitudinal and transverse interfibrillar separation after myocardial ischemia provides a pathway for mitochondrial distribution within the ischemic zone that facilitates distribution. This distribution would be aided by myocardial contraction, which would pump the injected mitochondria through the interfibrillar separations. The time frame for distribution within the ischemic zone remains to be determined; however, our data demonstrate significant improvements in LVPDP and SS after 30 min of reperfusion in RI-Mito hearts.
Our data show that injected mitochondria are found near the epicardial surface but remain within the interfibrillar space and do not enter the myocyte. The following question arises: How do injected mitochondria provide for enhanced cardioprotection while outside the myocyte?
Our protocol does not replicate any of the methods used in pre-and postconditioning, and we have used isolated mitochondria to provide cardioprotection on the basis of our studies of the mechanisms of cardioplegia cardioprotection (15-18, 30, 33, 35, 36, 38) . In the present study, mitochondria were injected just before reperfusion, and no short ischemic or reperfusion interval or set of ischemia-reperfusion intervals, other than index ischemia, was utilized. The mechanisms through which this cardioprotection occurs may be similar to that of pre-and postconditioning or cardioplegia (4, 14, 37, 40) .
Our studies show that cardioprotection requires mitochondria that are freshly isolated, maintain viability, and are respiration competent. The use of frozen mitochondria failed to provide cardioprotection. In frozen mitochondria, mitochondrial oxygen consumption was significantly decreased compared with freshly isolated mitochondria. This decrease in oxygen consumption has been previously described (23, 39) . These reports demonstrated that mitochondrial bioenergetic function is decreased to ϳ10 -15% of normal after the mitochondria are frozen, even when preservatives are used (23, 39) . These data suggest that mitochondrial respiration may play a role in the cardioprotection observed in our studies. Our data showing that tissue ATP levels are significantly increased in RI-Mito compared with RI-vehicle hearts support this hypothesis. However, we also show that the use of exogenous ATP and ADP was not cardioprotective. These data agree with previous reports demonstrating that exogenous ATP supplementation and/or ATP synthesis promoters do not restore high-energy phosphate stores and have no beneficial effects on postischemic functional recovery (2, 31) . The inability of exogenous supplementation and/or ATP synthesis promoters to enhance cardioprotection is believed to be due primarily to the lability of ATP and its short half-life in vivo (32) .
Mitochondrial components or mitochondrial DNA ϩ RNA provided no cardioprotection in our studies. This finding contradicts previous findings of limited protection by administration of exogenous mitochondrial proteins. In the septic mouse, administration of exogenous cytochrome c (800 g iv) has been shown to improve cardiac function, modestly through cytochrome oxidase modulation (25, 27) . In addition, mitochondrial coenzyme Q 10 has been shown to have beneficial effects on endothelial function and extracellular superoxide dismutase in patients with ischemic heart disease (26, 29, 34) . In these studies, rather high oral doses of coenzyme Q 10 (100 -300 mg/day for 1 mo) were required for beneficial effects (26, 29, 34) . We have not measured the levels of coenzyme Q 10 or cytochrome c, but it is unlikely that the levels shown in these earlier studies were attained using our protocol. Middle: tissue section from AAR of RI-Mito heart injected with vehicle containing mitochondria (7.7 ϫ 10 6 Ϯ 1.5 ϫ 10 6 /ml). Injected mitochondria labeled with MitoTracker Orange CMTMRos were viable after 120 min reperfusion. Right: higher-power view of stained mitochondria. Note labeled mitochondria Ͼ2-3 mm from site of injection in subendocardium. Red, injected mitochondria; green, immunofluorescently stained microfilament protein ␣-actinin-2. Scale bars, 500 m (left and middle) and 50 m (right). ‫,ء‬ Injection sites. B: RI-Mito heart tissue section from AAR shown in A. Left: injected mitochondria labeled with MitoTracker Orange. Middle: same tissue section stained with MitoFluor Green. Right: combined image. Injected mitochondria were viable and present within the myocardium after 120 min of reperfusion; Ͻ0.05% of MitoTracker Orange CMTMRos-labeled mitochondria were nonviable. Scale bars, 50 m. C: adjacent serial sections stained with hematoxylin-eosin or Masson's trichrome (left and middle) and stained mitochondria overlaid on a differential interference contrast (DIC II) image (right). In fluorescently stained panels, nuclei were stained blue with 4Ј,6-diamidino-2-phenylindole. Scale bars, 50 m.
Our data also show that ROS (TBARS) are significantly decreased in RI-Mito compared with RI-vehicle hearts. However, the ROS scavenger MPG, when used throughout reperfusion or added to mitochondria, failed to block the cardioprotection afforded by injection of mitochondria into the ischemic zone. These data must be examined carefully, inasmuch as it has been previously shown that ROS and nitric oxide are required for cardioprotection (9, 10) . Although controversy exists as to the interaction of these messengers with other mechanisms, our data suggest that injection of mitochondria into the ischemic zone just before reperfusion enhances cardioprotection through mechanisms that are not modified by ROS. Whether our observations represent primary or secondary effects is beyond the scope of the present study, and more in-depth studies are required to elucidate the exact mechanism(s) of cardioprotection.
These data indicate that freshly isolated, intact, viable, respiration-competent mitochondria are required for cardioprotection and may act as mediators or as intermediates for mechanisms modulating cardioprotection. We hypothesize that viable, respiration-competent mitochondria act through mechanisms that would include modulation of intracellular calcium, synthesis of high-energy phosphates, and/or signal transduction mechanisms that include the adenosine receptors, the ATP-sensitive potassium channels, and/or ROS and/or nitric oxide (9, 24, 30) .
Our data show that necrosis and apoptosis are significantly decreased in RI-Mito hearts. This reduction in myocardial injury was confirmed by CK-MB and cTnI analysis. The reduction in necrosis compared with apoptosis is more apparent in the RI model than in the global ischemic heart model, and the present data are in agreement with our earlier reports (16 -18, 35) .
In our previous studies, we and others showed that apoptosis is modulated principally through the intrinsic mitochondriamediated pathway and that apoptosis is initiated during ischemia and effected during reperfusion (6, 18, 30, 38) . We were unable to show any significant decrease in TUNEL-positive cells; however, there was a significant decrease in caspase-3-like activity in RI-Mito compared with RI-vehicle hearts. These data suggest that the apoptosis mechanism is decreased by injection of mitochondria into the RI zone.
The induction of apoptosis follows an ordered pathway that proceeds from the loss of mitochondrial membrane potential and the translocation of bax from the cytosol to the mitochon- dria and then leads to the eventual formation of the apoptosome and caspase-3 activation (8, 18, 39) . Our data do not show any increase in apoptosis with the injection of mitochondria. The reason for this is that we have injected mitochondria just before reperfusion and, therefore, limited any possible induction during ischemia (8, 18, 32, 41) . Our previous studies showed that a Ն15-min period of ischemia is required to induce apoptosis in this model (18) . Our results show that the injected mitochondria maintain membrane potential and, thus, are unlikely to proceed to apoptosome formation (41) . In addition, the injected mitochondria are found near the epicardial surface but remain within the interfibrillar space and do not enter the myocyte and, thus, would not be subject to bax activation (7, 18) . We have performed only preliminary studies (n ϭ 2 each) in the in situ blood-perfused rabbit heart model for RI-vehicle and RI-Mito hearts using 30 min of RI and 2 h of reperfusion. The AAR was 16.2% and 18.3% of LV mass in RI-vehicle and 27.4% and 19.8% of LV mass in RI-Mito hearts. IS/AAR was 26.9% and 28% in RI-vehicle and 11.7% and 17.3% in RI-Mito hearts. SS after 120 min of reperfusion was 54.6% and 50.0% of equilibrium in RI-vehicle hearts and 72.2% and 66.9% of equilibrium in RI-Mito hearts. AAR was greater in RI-Mito than RI-vehicle hearts; however, IS was significantly decreased in RI-Mito hearts, and SS was significantly increased compared with RI-vehicle hearts. These data demonstrate that injection of isolated mitochondria into the ischemic zone enhances postischemic functional recovery and decreases IS in the blood-perfused heart (personal communication, data not shown).
In conclusion, our data show that mitochondria can be isolated and prepared for injection in Ͻ90 min and that isolated mitochondria are viable (as demonstrated by MitoTracker Orange and MitoFluor Green) and are respiration competent (as demonstrated by Clark-type electrode). Our results also demonstrate that injection of viable, respiration-competent mitochondria isolated from tissue unaffected by ischemia directly into the ischemic zone during early reperfusion significantly enhances global and regional postischemic myocardial functional recovery and significantly enhances cellular viability in the ischemic zone (significantly decreases IS, CK-MB, cTnI, TUNEL, and caspase-3 activity). Our results also show that the injected mitochondria maintain membrane potential and are present in the myocardium after 120 min of reperfusion and are distributed from the epicardium to the subendocardium.
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